1. Introduction {#s0005}
===============

The relationships between coronary heart disease (CHD) and smoking, poor diet, excessive alcohol consumption, physical inactivity, obesity, raised cholesterol, raised blood pressure and diabetes are well-established at the individual-level ([@bib20; @bib30; @bib29]). It does not necessarily follow that these established risk factors are powerful predictors of geographic variation of CHD rates: for example, the British Regional Heart Study found that CHD incidence rates in men were *negatively* associated with the prevalence of raised cholesterol, after other individual-level risk factors for CHD had been taken into account ([@bib12]). The fact that the association between cholesterol levels and CHD has been shown to be different at the individual-level and the area-level illustrates the danger of interpreting results regarding this association using data collected at only one level---there is the potential for either 'ecological fallacy' or 'individualistic fallacy' ([@bib17; @bib22]).

This paper explores ecological, compositional aspects of geographic variation in CHD mortality rates in England, specifically the variation that is due to differences in the behaviour of the populations in different areas. The paper uses model-based estimates (referred to here as *synthetic estimates*) of the prevalence of individual-level risk factors for CHD for all wards in England. The synthetic estimation is a technique that has been developed to allow for small-area estimation of phenomena (in the absence of direct small-area measurements of the phenomena), including health indicators, principally to refine resource allocation to the areas ([@bib9]). The technique involves using data collected for a national survey to generate a logistic regression of the health indicator of interest (e.g. smoking) with both individual-level (e.g. age; sex) and area-level covariates (e.g. percentage of privately rented accommodation; geographic location). The parameters predicted by these logistic regression models are used to generate small area prevalence estimates using national census data. The technique is described in detail elsewhere ([@bib9; @bib3; @bib8; @bib23; @bib24]). This paper introduces an index of unhealthy lifestyle, developed using synthetic estimates of the prevalence of several cardiovascular risk factors, and assesses whether this index can explain geographic variations in CHD mortality rates over and above those predicted by an index of socio-economic deprivation. The models developed for this paper use ecological data. It follows that the results can only provide information about the geographic variation in CHD rates in England, and not about the relationship between risk factors and CHD in individuals.

2. Methods {#s0010}
==========

The units of analysis used for this paper are Standard Table Wards---a statistical set of boundaries based on the electoral ward boundaries as of 1st January 2003. Henceforth these areas are referred to simply as 'wards'. There are 7,929 wards in England, which can be grouped into 355 local authorities (LAs).

Data on the number of CHD (ICD-9 410-414; ICD-10 I20-I25) deaths by sex, five year age group and ward of residence for the calendar years 1999--2004 inclusive were combined with population estimates from the 2001 census by sex, five year age group and ward of residence to derive sex-specific mortality rates that were age-standardised to the European Standard Population ([@bib27]) for each ward in England. The mortality rates were reasonably normally distributed, and hence suited to regression analysis. Data on the ward-level prevalence of individual-level risk factors for CHD were provided by synthetic estimates. A previous analysis has assessed the validity of 16 different sets of synthetic estimates of the prevalence of individual-level risk factors for CHD for all wards in England ([@bib19]). It assessed face, construct and convergent validity of the estimates by exploration of the supporting regression equations, and by comparison of the synthetic estimates with small area survey findings on related health behaviours, national survey findings on health behaviours and CHD mortality rates. Only the five sets of synthetic estimates that displayed reasonable validity were included as explanatory variables in the analyses reported here:•prevalence of consuming less than five portions of fruit and vegetables per day;•prevalence of obesity (body mass index greater than or equal to 30 kg/m^2^);•prevalence of raised blood pressure (systolic blood pressure greater than or equal to 160 mmHg, or diastolic blood pressure greater than or equal to 95 mmHg);•prevalence of raised cholesterol (total blood cholesterol greater than or equal to 6.5 mmol/l);•prevalence of current smoking.

The first four sets of synthetic estimates were developed for the Health Poverty Index website, by researchers from the universities of St Andrews and Oxford, funded by the Department of Health ([@bib7]). The estimates used for the website are weighted combinations of LA-level national survey estimates and a modelled element. The synthetic estimates used for this paper, and that were used in the previous exploration of validity ([@bib19]), are based only on the modelled element and have been produced at ward-level. The smoking synthetic estimates were developed for the Health Development Agency as part of an investigation of the impact of smoking on mortality in England ([@bib25]). All of the sets of synthetic estimates are derived from the Health Surveys for England conducted between 1998 and 2001 and a table outlining the coefficients for individual-level and area-level covariates in their supporting regression equations can be found elsewhere ([@bib19]). The synthetic estimates have been age-standardised to the European Standard Population using ten-year age bands for the analyses reported here. Prevalence rates for men and women were generated separately. The synthetic estimates are not well-suited for use as independent variables in regression analyses as they are highly correlated. Accordingly, Principal Components Analysis (PCA) was applied to z scores of the synthetic estimates to produce a set of uncorrelated explanatory variables, described as 'unhealthy lifestyle' variables.

The Carstairs index ([@bib4]), constructed using data from the 2001 census ([@bib11]), was used as a measure of ward-level deprivation. The index is constructed by adding the z scores of the following variables: percentage of all economically active males aged 16 and over who are unemployed; percentage of households defined as overcrowded; percentage of population without access to a car; percentage of population living in households where the head of the household is defined as social class IV or V. The index has previously been shown to be highly correlated with CHD rates for wards in England ([@bib18]).

Multi-level regression models (wards nested in LAs) and spatial error regression models of the two outcome variables (male and female CHD mortality rates) were built to explore how much of the geographic variation in CHD rates can be explained by the unhealthy lifestyle variables, and by the deprivation index, in both univariate and multivariate analyses. The multi-level models allow for an investigation of both small scale and large-scale geographic variations in CHD mortality rates simultaneously, that is the differences in CHD mortality rates over a small geographic area i.e. within a local authority, and the general differences between regions of the country i.e. the North and South of England (modelled by between-wards and between-LAs variance, respectively). The spatial error regression models were built to investigate whether the results of the multi-level models may be affected by spatial autocorrelation bias, by comparing the size and sign of estimated parameters in the two sets of models. The PCA was conducted using Stata v10 ([@bib21]), the spatial error regression modelling was conducted using the GeoDa software package ([@bib2]), and the multi-level modelling was conducted using MLwiN v2.02 ([@bib16]).

3. Results {#s0015}
==========

The results of the PCA are displayed in [Table 1](#t0005){ref-type="table"}. Two of the transformed PCA variables were taken forward for further analysis--- these two variables explained around 85% of the total variance of the sets of synthetic estimates for both male and female prevalence estimates, and their transformation factors allowed for simple interpretation of results. Henceforth, these two PCA variables are referred to as *unhealthy lifestyle 1* and *unhealthy lifestyle 2.* These two variables broadly measure the following features: *unhealthy lifestyle 1*---increased prevalence rate of low fruit and vegetable consumption, obesity, raised blood pressure and smoking; *unhealthy lifestyle 2*---increased prevalence of raised cholesterol and reduced prevalence rate of smoking (in men) or obesity and raised blood pressure (in women). The transformation factors displayed in [Table 1](#t0005){ref-type="table"} show the weighting of each of the sets of synthetic estimates that make up the PCA variables. A value greater than zero for the unhealthy lifestyle variable implies that the general lifestyle of the population in the ward is more unhealthy than the England average, and vice versa.

The results of the multi-level regression models are shown in [Table 2](#t0010){ref-type="table"}. The univariate models showed a strongly significant positive association between the unhealthy lifestyle 1 variable and the CHD outcomes (MODEL A), a negative association between the unhealthy lifestyle 2 variable and the CHD outcomes (MODEL B), and a strongly significant positive association between the deprivation index and CHD (MODEL C). The unhealthy lifestyle 2 variable explained little of the geographic variation in CHD mortality rates, and in multivariate models CHD rates were dominated by the unhealthy lifestyle 1 variable (MODEL D). For these reasons, only the unhealthy lifestyle 1 variable was retained for multivariate models including the deprivation index. Around 50% of the large scale (LA-level) geographic variation in mortality rates and between 10% and 15% of small scale (ward-level) geographic variation in mortality rates was explained by the unhealthy lifestyle 1 variable (MODEL A).

In multivariate analyses, the unhealthy lifestyle 1 variable was strongly significantly associated with CHD mortality rates at ward-level after adjustment for the deprivation level of the ward (MODEL E). Ward-level deprivation provides better explanatory power than the unhealthy lifestyle index: beta coefficients for the unhealthy lifestyle index were much more attenuated in the multivariate models compared to univariate models than the coefficients for ward-level deprivation. But inclusion of the unhealthy lifestyle index substantially increases explanatory power, particularly for large scale (LA-level) geographic variation. In comparison with univariate models of ward-level deprivation only, the multivariate models increased the amount of explained LA-level variation from 46% to 67% for male mortality rates and from 40% to 62% for female mortality rates.

Equivalent spatial error models were built with the unhealthy lifestyle index and ward-level deprivation as explanatory variables, and the results were compared with those produced by the multi-level models. In all cases the parameter estimates in the two different models were very similar, suggesting that the multi-level models have not been substantially affected by spatial autocorrelation bias (results not shown).

4. Discussion {#s0020}
=============

The unhealthy lifestyle index developed for this paper is associated with CHD mortality rates independently of socio-economic deprivation. High prevalence rates of individual-level risk factors tend to cluster in certain areas and populations, and it is therefore not possible using this study design to attribute the geographic variation in CHD rates to specific risk factors. Therefore, in the absence of direct measures of individual-level risk factors, the index of unhealthy lifestyle is a useful tool to estimate how much of the variation in CHD rates between areas is due to differences in the lifestyle choices of the population living in those areas. The models reported here suggest that an increase in one standard deviation of this index is associated with an increase in age-standardised CHD mortality of 17.0 male deaths per 100,000, and 8.4 deaths per 100,000 in women. The difference between the best and worst ward in England is 12 standard deviations, representing a difference of 204 male deaths per 100,000 and 101 female deaths per 100,000---about the range from the 5th to 95th percentile of age-standardised CHD mortality rate.

In general, ecological analyses of chronic disease outcomes use a deprivation index as a proxy of differences in the behavioural risk factor profile of populations, since many risk factors for CHD are associated with socio-economic status. But deprivation indices are measures of the economic and social environment, rather than of the health environment. The index of unhealthy lifestyle introduced here aims to be a more direct measure of the differences in behavioural risk factor profiles of populations. An example of the difference between the two indices can be seen in inner-city wards, where the deprivation index and the unhealthy lifestyle index tend to have strongly opposing values implying that heavily urbanised, inner-city wards are heavily economically deprived, but their populations follow a reasonably healthy lifestyle (see [Fig. 1](#f0005){ref-type="fig"}). One reason for this may be the high residency of ethnic minority groups in inner-city wards (around 26% non-white in metropolitan wards at the 2001 census), who tend to have a healthier diet, lower smoking levels (particularly for females), more modest alcohol intake, lower blood pressure and lower cholesterol levels than the general population ([@bib1]). Four of the five sets of synthetic estimates included in the unhealthy lifestyle index include population-level measures of ethnicity as covariates in their supporting regression equations.

There are limitations of the unhealthy lifestyle index that are likely to lead to misclassification bias, and hence an underestimate of the impact of behavioural risk factors on geographic variations in CHD rates: the index is not based on direct estimates of the prevalence of risk factors; the index does not include estimates of all cardiovascular risk factors (e.g. diabetes is not included); the prevalence estimates included in the index require complex distributions of risk within an area to be collapsed to a single figure, which may obscure differences between areas (e.g. between a ward with a high percentage of elderly smokers, but few young smokers and vice versa).

A further limitation of the cross-sectional analyses reported here is that they only consider a snapshot of explanatory and outcome variables, and therefore they are poorly suited to consider conditions which have a prolonged latent period between exposure and disease, such as CHD. The effect of dismissing or inaccurately measuring risk exposure throughout the life course is that analyses will be biased towards under-estimating the cumulative impact of risk factors on health outcomes ([@bib5]). This potential bias could also be affected by migration between wards in England, which is not insignificant: 4% of people within the UK moved residence to a new location over 10 km away in 2000 ([@bib13]). However, an investigation of the British Regional Heart Study dataset showed that current residence was more strongly associated with CHD events than zone of birth, and migrants between towns were found to have a similar risk of CHD as individuals who have always lived in the towns under investigation ([@bib26]) suggesting that individuals who move tend to adopt similar risk levels to the population which they have migrated to, and lose the risk level of the population which they have migrated from. If this is the case, then the influence of migration on the findings reported here may not be substantial.

Possible areas of development of the unhealthy lifestyle index include an exploration of weighting the sets of synthetic estimates using population attributable fractions for the impact of individual-level risk factors on chronic disease developed for the Global Burden of Disease project ([@bib28]). Also, efforts to incorporate the synthetic estimates of unhealthy behaviour developed by the National Centre for Social Research ([@bib3]) which have been subjected to various validity assessments ([@bib15]), should be explored, which may allow for inclusion of synthetic estimates of binge drinking within the unhealthy lifestyle index.
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###### 

Transformation matrices calculated by principal components analysis for the sets of synthetic estimates for (1) male prevalence of risk factors for CHD and (2) female prevalence of risk factors for CHD, and amount of original variance explained by the transformed variables (wards, *n*=7929).

                                                         Fruit & Veg   Obesity   Blood pressure   Cholesterol   Smoking   *Proportion of original variance*
  ------------------------------------------------------ ------------- --------- ---------------- ------------- --------- -----------------------------------
  *(1) Synthetic estimates of male prevalence rates*                                                                      
  Unhealthy lifestyle 1                                  0.51          0.54      0.51             0.17          0.41      *0.63*
  Unhealthy lifestyle 2                                  0.14          −0.08     −0.06            0.92          −0.36     *0.21*
  PCA 3                                                  0.17          −0.38     −0.45            0.22          0.76      *0.11*
  PCA 4                                                  −0.75         −0.10     0.50             0.26          0.33      *0.06*
  PCA 5                                                  −0.37         0.74      −0.54            0.13          0.10      *0.00*
                                                                                                                          
  *(2) Synthetic estimates of female prevalence rates*                                                                    
  Unhealthy lifestyle 1                                  0.51          0.51      0.48             0.22          0.45      *0.66*
  Unhealthy lifestyle 2                                  0.05          −0.31     −0.28            0.89          0.17      *0.19*
  PCA 3                                                  −0.26         0.27      0.46             0.39          −0.70     *0.11*
  PCA 4                                                  −0.70         −0.18     0.47             0.02          0.50      *0.04*
  PCA 5                                                  −0.42         0.73      −0.51            0.09          0.15      *0.00*

PCA3--PCA5 refer to the transformed variables that were not retained for further analysis.

###### 

Multi-level regression models of age-standardised CHD mortality rates per 100,000 against unhealthy lifestyle variables and against an index of socioeconomic deprivation (7929 wards nested in 355 local authorities).

                                      MODEL A      MODEL B                                           MODEL C     MODEL D       MODEL E
  ----------------------------------- ------------ ------------------------------------------------- ----------- ------------- -----------
  **MEN**                                                                                                                      
  Unhealthy lifestyle 1: Beta (SE)    17.9 (0.4)                                                                 17.0 (0.4)    7.2 (0.5)
  Unhealthy lifestyle 2: Beta (SE)                 −16.2 (0.9)                                                   −10.2 (0.7)   
  Deprivation: Beta (SE)                                                                             9.0 (0.2)                 6.9 (0.2)
  Ward-level variance explained (%)   16           5                                                 24          18            25
  LA-level variance explained (%)     49           0                                                 46          57            67
                                                                                                                               
  **WOMEN**                                                                                                                    
  Unhealthy lifestyle 1: Beta (SE)    8.1 (0.2)                                                                  8.4 (0.2)     3.9 (0.3)
  Unhealthy lifestyle 2: Beta (SE)                 −0.7 (0.5)[a](#tbl2fnstar){ref-type="table-fn"}               −3.8 (0.5)    
  Deprivation: Beta (SE)                                                                             4.2 (0.1)                 3.2 (0.1)
  Ward-level variance explained (%)   11           0                                                 17          11            17
  LA-level variance explained (%)     45           3                                                 40          51            62

Both unhealthy lifestyle variables and the index of deprivation are derived from z scores and are measured in standard deviations from the mean.

Beta coefficients for all parameters were highly statistically significant (*p*\<0.001), with exception of unhealthy lifestyle 2 in the female model, where (*p*=0.153).
